Mobilization of endogenous retrotransposons can destabilize the genome, an imminent danger during epigenetic reprogramming of cells in the germline. The P-element-induced wimpy testis (PIWI)-interacting RNA (piRNA) pathway is known to silence retrotransposons in the mouse testes. Several piRNA pathway components localize to the unique, germline structure known as the nuage. In this study, we surveyed mouse ovaries and found, for the first time, transient appearance of nuage-like structures in oocytes of primordial follicles. Mouse vasa homolog (MVH), Piwi-like 2 (PIWIL2/MILI) and tudor domain-containing 9 (TDRD9) are present in these structures, whereas aggregates of germ cell protein with ankyrin repeats, sterile alpha motif and leucine zipper (GASZ) localize separately in the cytoplasm. Retrotransposons are silenced in primordial ovarian follicles, and de-repressed upon reduction of piRNA expression in Mvh, Mili or Gasz mutants. However, these null-mutant females, unlike their male counterparts, are fertile, uncoupling retrotransposon activation from sterility.
INTRODUCTION
Maintaining genome integrity in germ cells is of fundamental importance in ensuring accurate transmission of genetic information throughout generations. During germ cell specification, existing epigenetic marks are erased and new ones laid down to establish totipotency (Smallwood and Kelsey, 2012) . Genome-wide DNA demethylation and germ cell-specific reestablishment of repressive marks during this reprogramming process transiently alleviates the epigenetic repression of endogenous transposable elements (TEs), which constitute 46% and 39% of the human and mouse genomes, respectively (Lander et al., 2001; Mouse Genome Sequencing Consortium, 2002) . Owing to their capacity for random transposition, TEs can act as insertional mutagens or create genomic lesions when transposing, hence endangering genome integrity (Haig and Kazazian, 2004) . Although existing TE insertions have been shown to drive diversity in tissues such as brain and placenta (Chuong et al., 2013; Perrat et al., 2013) , their transcription and activity in germ cells must be suppressed. Various mechanisms have evolved as a form of defense to combat them.
In germ cells, a unique electron-dense structure known as the nuage is implicated in retrotransposon repression (Aravin et al., 2009; Lim and Kai, 2007) . The nuage, also known as intermitochondrial cement, is a ribonucleoprotein complex that shares similar molecular compositions and appears morphologically identical in different organisms (Eddy, 1976) . Intermitochondrial cement, observed among mitochondrial clusters in differentiating germ cells, such as spermatogonia and developing oocytes (Eddy, 1976) , forms darkly stained material, which is part of the Balbiani body, which comprises mitochondria and endoplasmic reticulum surrounding a Golgi aggregate (Pepling et al., 2007) .
In Drosophila ovaries and mouse testes, components localizing to the nuage/intermitochondrial cement mediate retrotransposon silencing by regulating the production of a class of small RNAs, piRNAs (Aravin et al., 2009; Lim and Kai, 2007; Ma et al., 2009; Shoji et al., 2009) . piRNAs are small RNAs (24-30 nucleotides long) that are processed in a Dicer-independent pathway from long single-stranded precursor transcripts transcribed from discrete genomic loci Brennecke et al., 2007) . They act by maintaining TEs in a repressed, methylated state (KuramochiMiyagawa et al., 2008) , inducing a closed chromatin structure (Le Thomas et al., 2013) and/or degrading the transcripts via the canonical mRNA degradation machinery (Lim et al., 2009) .
In mice, the nuage genes are essential for male fertility; loss-offunction mutations of these genes affect distinct stages of spermatogenesis (Pillai and Chuma, 2012) . Studies of the presence and function(s) of nuage in the mouse ovary are limited, yet the reported expression of nuage components in mouse oocytes suggests its functional conservation in ovaries (Chuma et al., 2006; Shoji et al., 2009) .
Here, we show that a nuage-like structure first appears transiently in the oocytes of primordial follicles of post-natal ovaries, where we observe robust silencing of retrotransposons and retrotransposon-containing genes. However, de-repression of retrotransposons in Mvh-, Mili-and Gasz-null primordial oocytes does not compromise fertility.
MATERIALS AND METHODS

Mouse strains
B6.Cg.Mvh
1098 (Tanaka et al., 2000) , B6.Cg.Mili (Kuramochi-Miyagawa et al., 2004) , B6.Cg.Gasz tm1Zuk (Ma et al., 2009 ) and B6.Cg.Tdrd9 tm1Chuma (Shoji et al., 2009) were backcrossed for six to ten generations onto a C57BL/6J background. Animal work conformed to the guidelines and regulatory standards of A*STAR's Institutional Animal Care and Use Committee.
Collection of primordial follicles and MII oocytes
For primordial follicles, post-natal day (P)5 ovaries were dissected and punctured in M2 medium (Sigma-Aldrich). Upon puncture, oocytes of primordial follicles were released from the somatic cells, collected manually under the microscope by mouth pipetting and washed with M2 medium prior to use. MII oocytes were collected as described (Lorthongpanich et al., 2008) .
Indirect immunofluorescence assays (IFA) and histology
For whole-mount staining, P5 ovaries were fixed (5% paraformaldehyde) and blocked then antibody detection was performed as described (Pepling and Spradling, 1998) . For cryosections, embryonic day (E)17.5, P5 and adult gonads were fixed (5% paraformaldehyde) and processed (Yamaguchi et al., 2006) then 10-μm sections were incubated with relevant primary antibodies [MVH (1:500, Abcam13840), MILI (1:50, Abcam36764), TDRD9 (Shoji et al., 2009) , GASZ (Ma et al., 2009) (Herrán et al., 2011) .
Immuno-electron microscopy
Ovaries were fixed (4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4) and embedded in LR white resin (Electron Microscopy Sciences). Ultrathin sections were cut and incubated with MVH antibody (Abcam13840), followed by 10-nm gold-conjugated secondary antibody. After post-fixing with 2.5% glutaraldehyde and counterstaining with 7% uranyl acetate and Reynold's lead citrate, images were acquired using a JEM-2200FS microscope.
Co-immunoprecipitation (co-IP) and western blot analysis
Two hundred P5 ovaries were lysed in IP buffer [200 mM NaCl, 50 mM Tris, pH 8.0, 0.05% NP-40, complete protease inhibitor cocktail (Roche), 125 U RNase inhibitor]. The lysate was pre-cleared with rabbit IgGconjugated Protein-A beads, incubated with anti-MVH-conjugated Protein-A beads and eluted for analysis. Primary antibodies used for western blotting were as described for IFA. ACTIN (1:2000, Abcam8227) was used as control. HRP-conjugated secondary antibodies (1:10,000, Jackson ImmunoResearch) were used for detection.
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
Primordial follicles were lysed (TaqMan Gene Expression Cells-to-C T lysis buffer) and genomic DNA was removed with DNaseI. For mRNAs, reverse transcription (RT) was carried out using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). For small RNAs, RT was performed using NCode miRNA First-Strand cDNA Synthesis Kit (Invitrogen). A mock reaction, without reverse transcriptase, was prepared for each sample. Pre-amplification was performed with the TaqMan PreAmp Master Mix Kit. Quantitative PCR (qPCR) was carried out using primer sets (supplementary material Table S1 ) and respective Universal Probe library using TaqMan Fast Universal PCR Master Mix (Applied Biosystems) for mRNAs, and miScript SYBR Green PCR Kit for small RNAs. For amplification and detection, Applied Biosystems 7900HT Fast Real-time PCR system was used. All results were normalized to ActB or 5S rRNA (Rn5s -Mouse Genome Informatics), and fold changes were calculated by normalizing to the endogenous levels. P-values were measured using a onetailed Student's t-test.
RESULTS AND DISCUSSION
The nuage is present in the female germline Several nuage components [MVH (DDX4), TDRD1, TDRD9, mouse PIWI (PIWIL1; also known as MIWI), MILI (PIWIL2) and GASZ] are expressed in mouse oocytes (Chuma et al., 2006; Ding et al., 2013; Shoji et al., 2009; Watanabe et al., 2008; Yan et al., 2002) , indicating conservation of the nuage in mouse ovaries. To investigate the presence of nuage-like structure(s), we performed an indirect immunofluorescence assay (IFA) on embryonic, postnatal and adult ovaries. Using antibodies against the wellestablished nuage marker MVH, we found diffuse staining in the cytoplasm of interconnected cysts in embryonic ovaries (Fig. 1A,B) . However, a nuage-like structure was first detected in P1 (Fig. 1C) and P3 (Fig. 1D) ovaries at the onset of cyst breakdown. These aggregates became more apparent in the primordial follicles on completion of cyst breakdown at P5 (Fig. 1E,EЈ) . Occasionally, MVH-positive aggregates were still detectable in primary follicles (data not shown), but these aggregates diminished in growing and maturing oocytes, and diffuse, cytoplasmic staining was observed (Fig. 1F,G) . Importantly, such aggregates were absent in Mvh-null primordial follicles, confirming the IFA specificity (Fig. 1EЉ) . Similarly, using immuno-electron microscopy, we detected MVH-gold labeling in the intermitochondrial cement/nuage of wild-type primordial follicles ( Fig. 1H ; supplementary material Fig. S1C ), but not in Mvh mutants ( Fig. 1I ; supplementary material Fig. S1D ). In addition, the electron-dense nuage was largely disrupted in Mvh mutants (supplementary material Fig. S1A ,B) (Chuma et al., 2006) . To confirm the MVH-positive aggregates in primordial follicles, we performed IFA on P5 ovaries using antibodies to MILI and TDRD9, two MVH-interacting proteins in testes ( Fig. 2A,B) . Both antibodies gave diffuse, cytoplasmic staining in E18.5 gonads, but, like MVH, they localized to nuage-like aggregates in P5 ovaries, which were absent in the respective mutants. GASZ, which is functionally but not structurally linked to the nuage in testes, immunolocalized to cytoplasmic granules in oocytes at E18.5 ( Fig. 2A) . This granular distribution, which was absent in Gasz mutant ovaries, became more intense in wild-type P5 ovaries (Fig. 2B) . To determine whether the nuage structures are present in Mili, Tdrd9 and Gasz mutants, we examined MVH localization in P5 mutant ovaries (Fig. 2C) . Interestingly, MVH localized to nuagelike aggregates in Mili, Tdrd9 and Gasz mutant primordial follicles. However, when performing IFA for MILI in P5 ovaries of Mvh mutants, large MILI aggregates were detected (supplementary material Fig. S2 ), suggesting that organization of the nuage is disrupted.
Co-IFA of P5 ovaries for MILI, TDRD9 or GASZ with MVH confirmed the overlap of MILI and TDRD9 with MVH (Fig. 2D,E) ; MILI was detected as small, discrete punctate/aggregates within MVH aggregates ( Fig. 2D; supplementary material Fig. S2 ). GASZ staining was distinct from that for MVH, and by inference from TDRD9 and MILI (Fig. 2F) . These findings were confirmed biochemically by analyzing MVH immunoprecipitates from P5 ovarian lysates. We found that MILI and TDRD9, but not GASZ, co-immunoprecipitated with MVH (Fig. 2G) .
Taken together, our results indicate that the nuage proteins MVH, MILI, TDRD9 and GASZ are found as distinct, transient aggregates in the cytoplasm of primordial ovarian follicles shortly after birth. Human primordial follicles also exhibit transient VASA (DDX4) expression (Castrillon et al., 2000) , suggesting that the brief requirement for the nuage is conserved in mammalian germ cells. Intriguingly, the transient appearance of the nuage coincides with that of the Balbiani body (Pepling et al., 2007) . The cytoplasmic 3821 RESEARCH REPORT Nuage in mouse ovary arrangement of the organelles into the Balbiani body might facilitate organization of the nuage although the biological implication of this is unknown.
Retrotransposon and endogenous mRNA expression are elevated in the nuage mutants
In mouse testes, MVH, MILI and GASZ repress expression of long interspersed nucleotide element 1 (LINE1) and intracisternal A-type particle 1 (IAP) retrotransposons (Kuramochi-Miyagawa et al., 2010; Kuramochi-Miyagawa et al., 2008; Ma et al., 2009) . To determine whether this function is conserved between the two sexes, we analyzed expression of five retrotransposon families [LINE1, IAP, mouse transcript (MT), murine endogenous retrovirus-like (MuERVL) and short interspersed nucleotide element (SINE)] in control and Mvh, Mili or Gasz mutant primordial follicles. We found a significant upregulation of all families (Fig. 3A) . In addition, IAP-GAG protein, detected by IFA (Fig. 3B ) and western blotting (Fig. 3C) , was increased in Mvh, Mili or Gasz mutant P5 ovaries. Elevated levels of LINE1, IAP and MuERVL were still detectable in MII oocytes (supplementary material Fig. S3 ), most likely reflecting transcripts derived from the primordial follicular stage.
Integrated retrotransposon long terminal repeats (LTRs) are often hijacked as alternative promoters, driving and/or coordinating gene expression in oocytes and early embryos (Peaston et al., 2004) . To determine whether the nuage mutant-mediated de-repression of retrotransposons also affects expression of chimeric genes, we assessed expression of three previously described genes: Dnajc11, Glcci1 and Spin1 (Peaston et al., 2004) . Indeed, compared with controls, the expression of all three chimeric genes was elevated in primordial follicles of Mvh, Mili or Gasz mutants (Fig. 3D) .
In testes, silencing of retrotransposons requires piRNAs (Pillai and Chuma, 2012) . Although piRNA expression has been detected in growing follicles , it was unclear whether piRNAs were required for retrotransposon silencing. We found that piRNAs were greatly reduced in Mvh, Mili or Gasz mutant primordial follicles compared with controls (Fig. 3E) . Similarly, two piRNAs on small RNA cluster 4, which target the MT retrotransposon within Dnajc11, were reduced in Mvh, Mili and Gasz mutant primordial follicles (Fig. 3F) . In Drosophila, the nuage proteins generate piRNAs that control embryonic mRNA stability by targeting retrotransposons residing on the 3ЈUTRs (Rouget et al., 2010) . Our data, therefore, reinforce the concept that transposable elements can have a direct developmental function through the nuage and piRNAs.
Retrotransposon de-repression does not lead to sterility in female mice
It was previously shown that pre-pachytene and pachytene piRNAs control retrotransposon repression and meiosis in the mouse testes (Zheng and Wang, 2010) . Lack of either class is sufficient to cause meiotic arrest, and nuage-mutant male mice are sterile. Strikingly, Mvh, Mili and Gasz mutant female mice are fertile (Kuramochi-
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Development 140 (18) Ma et al., 2009; Tanaka et al., 2000) , even though we observed ectopic retrotransposon activation in their primordial follicles. As mixed genetic backgrounds in mouse models can veil phenotypic penetrance, we backcrossed Mvh, Mili and Gasz mouse strains onto a C57BL/6J background. The fertility of the mutant females was not significantly different, with regard to litter frequency or litter size, from controls ( Fig. 4A,B) . Litters from Mvh, Mili and Gasz heterozygous intercrosses displayed the expected Mendelian ratio of 1:2:1 (wild type, heterozygous, homozygous; Fig. 4C ). In tissue sections of the Mvh, Mili or Gasz mutant adult ovaries, normal folliculogenesis and the corpora lutea were found, indicating that follicle growth and ovulation were 3823 RESEARCH REPORT Nuage in mouse ovary unaffected (Fig. 4D) . Notably, even when we combined all three alleles into a triple mutant lacking Mvh, Mili and Gasz, there was no adverse effect on female fertility (supplementary material Table S2 ).
Miyagawa
We assessed meiotic progression by staining E17.5 female genital ridges for synaptonemal complex protein 3 (SYCP3). Synapsis formation was disrupted in a small subset of nuage mutant oocytes, but not in controls (Fig. 4E) . Although failure at synapsis leads to meiotic arrest and sterility in the corresponding mutant male mice, we found no effect on overall female fertility. Similarly, others have found mutations in meiotic genes, such as Pms2 and Rad21L, to cause male sterility whereas females remain fertile (Baker et al., 1995; Herrán et al., 2011) . In addition, the loss of pachytene, but not pre-pachytene, piRNAs causes male sterility in mice with no effect on retrotransposon expression (Zheng and Wang, 2010) , suggesting that these two events are differentially regulated. Hence, it is possible that mouse oocytes only express pre-pachytene piRNAs that control retrotransposon expression, with no apparent meiotic involvement.
Two differences between male and female gametogenesis may also account for this sexual dimorphism. First, female germ cell cysts undergo programmed breakdown, with only ~21% of the oocytes surviving to form primordial follicles (Lei and Spradling, 2013) . This process might serve as a form of quality control to remove 'defective' eggs (Pepling and Spradling, 2001) . Second, unlike spermatogenesis, which involves continuous meiotic events, oocytes are arrested at meiotic prophase I for a long period of time, possibly allowing time for damage repair.
On the whole, it is becoming apparent that retrotransposon silencing in female gametes involves a timely, coordinated action of multiple mechanisms. DNA methylation in primordial germ cells (PGCs), piRNAs in primordial follicles, the product of meiosis arrest female 1 gene (Marf1) in primary follicles (Su et al., 2012) , and endogenous small interfering RNAs in mature oocytes , could all act in concert with apolipoprotein B editing complex 3 (APOBEC3) (MacMillan et al., 2013) to prevent transposon expression and/or integration. Enmeshment of these multiple processes appears to be required to suppress endogenous retrotransposon activation and any ensuing genomic instability.
